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Coherent trapping of atomic populations

H. R. Gray, R. M. Whitley,* and C. R. Stroud, Jr.

The Institute of Optics, University of Rochester, Rochester, New York 14627

Received August 31,1978

It is often desirable in laser spectroscopy and isotope separation to extract as much as possible of an atomic or mo-
lecular population that is distributed among a number of ground-state sublevels and low-lying metastable levels.
We describe a form of coherent trapping that occurs when multiple resonant laser beams are used to couple the var-
ious ground states to a common upper level. This effect prevents the extraction of the entire population. We then
study the effect with two dye lasers and an atomic beam and suggest possible ways to maximize the pumping effi-
ciency.

When two cw lasers are tuned so that they couple two
different ground-state sublevels to a common upper
level, there is no steady-state population in the upper
level. (See Fig. 1 for the energy-level configuration.)
This effect, which holds even for intense laser fields,
might be termed coherent trapping of atomic popula-
tions. It is due to optical pumping of the ground-state
sublevels into a coherent superposition state that is
decoupled from the laser fields. The theory of the ef-
fect has been worked out by Arimondo and Orriols' and
by Whitley.2 The source of the effect is easily seen by
writing the wavefunction in the interaction picture,

,(rt) = aj(t)exp(-icojt)4q(r)
+ a2(t)exp(-iuo2 t) 2 (r) + a3(t)exp(-iw3t)4'3 (r), (1)

and substituting it into Schrddinger's equation. Here
we have taken the atomic-energy eigenfunctions as Oi(r)
and the energy of the various states as Ei = hw1 , i =
1,2,3. The amplitudes then satisfy the equations of
motion

d = (iAlfa/h)exp(iaat)a 2 , (2a)

a2 = (igle 0 /h)exp(-i6at)ai
+ (ig2 Eb/h)exp(-ibbt)a3, (2b)

a3 = (ig2 eb/h)exp(i6bt)a2 , (2c)

where we have taken the applied field to be

E(t) = Ea exp(-iOat) + Eb exp(-iwbt) + c.c., (3)

and we have neglected the counterrotating terms. The
two dipole matrix elements, which are assumed real for
convenience, are denoted by gj, i = 1,2, while the de-
tuning of the two lasers from resonance, b6 and 5,, are
defined in Fig 1.

Examination of Eqs. (2a) and (2c) shows that there
is a constant of the motion when Ba = 6b =_ 6, i.e., when
the lasers are tuned to the two-photon resonance. The
effect of the constant is most easily seen if we introduce
two new amplitudes,

r(t) = ai(t)cos 0 - a3(t)sin 0, (4a)

s(t) = a,(t)sin 0 + a3(t)cos 0, (4b)

where the angle 0 is defined by

tan 0 = (AIC.AU20) (4c)

The equations of motion for the amplitudes of the two
ground states are then expressible in terms of r(t) and
S (0:

rft) = 0,

=M = iR exp(ibt)a 2 (t),

where R is the generalized Rabi frequency

R = (1/h)[(&1,E.)2 + (g2E102,I'2.

(5a)

(5b)

(6)

One linear combination of the ground states is coupled
to the excited state by the applied fields, and the other
linear combination is decoupled entirely. The popu-
lation initially in the linear combination,

r(0) = al(O)cos 0 - a3 (0)sin 0, (7)

remains there. If the initial states are not prepared
coherently, this means that half of the population re-
mains in the ground state and nothing is gained by the
application of two lasers rather than one.

We have not included spontaneous or collisional
damping in the calculations, but these are included in
the calculations of Refs. 1 and 2. The result of including
damping is that the population initially in the linear
combination of states s is optically pumped in a few
lifetimes into the decoupled linear combination r. In
the steady state there is no population in level 2 or in the
linear combination s. All of it is in the linear combi-
nation r. The atom is decoupled from the field with all
the population in a particular coherent superposition
of the ground states. The asymptotic steady-state
wavefunction is

lim t(r,t) = cos 0 exp(-icojt)4j(r)

-sin 0 exp(-io 3t)4 3(r). (8)

If the fields are detuned from the two-photon reso-
nance, the constant of the motion is not exact and there
is some steady-state population in the excited state.
Efficient extraction of the atomic population from the
ground state into the excited state and perhaps from
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FWHM = (a2 + 32 )/2(ra + rb). (10)
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Fig. 1. Energy-level configuration. E1 and E3 are nonde-
generate sublevels of the ground state. E2 is a common ex-
cited state. Two monochromatic lasers of frequency wa, and
c'b are tuned ba and 6b off resonance.

there to some higher bound or continuum level is ac-
complished by detuning the lasers from exact resonance.
Whitley2 has derived the steady-state solutions for ar-
bitrary detunings and radiative damping. The popu-
lation in level 2 is given by

The finite resolution of the experimental apparatus
smears the hole somewhat, but the depletion is still al-
most complete at resonance. This is a quite pro-
nounced effect even though we do not have nearly an
ideal three-level system. There are actually eight
Zeeman sublevels in the ground state and five in the
excited state coupled by various transition dipole mo-
ments in our system.

Figure 3 is a composite drawing showing the effect of
tuning the fixed frequency laser off resonance. There
is still a sharp minimum at the double resonance, but
the lineshape is asymmetric. More importantly, the
maximum population in level 2 is obtained when the
lasers are both somewhat detuned from resonance. The
maximum actually occurs in the second trace when ba
= -12 MHz. The exact optimum depends on the life-
times and Rabi frequencies of the particular transitions.
If the intensities of the two lasers are increased, the
width of the hole increases and one must tune even

a22 = N22A

N 22 = 4a 2032(Fa + Fb)(5a - b)2,

(9a)

(9b)

D = (Oa - 6b)218a2fl2 (Fa + rb) + 16a2 rb[(ra + rb)2

+ b 21 + 1632ra[(ra + rb) 2 + 5a21}

+ 8(0a - e5b)(a'bfb - f 46ara)
+ (a2rb + 32ra)(a2 + 32)2, (9C)

where a and f are the Rabi frequencies of the fields at
frequencies Wa and wb, respectively. The r's are half
of the corresponding Einstein A coefficients.

We have tested these predictions by tuning two cw
dye lasers, frequency stabilized to + 1 MHz, to two hy-
perfine components of the sodium D1 line. The tran-
sitions from the F = 1 and F = 2 ground states to the F
= 2 component of the 3P 1 / 2 level were used. Two lin-
early polarized laser beams were brought in together to
illuminate an atomic beam (collimated to 0.8 mrad) at
right angles to the atomic velocity vectors. The fluo-
rescence from the excited level was collected by a pho-
tomultiplier and plotted as a function of the frequency
of one of the lasers. The frequency of the second laser
is held fixed at a given detuning from resonance. The
experimental apparatus is similar to that which we have
described in two previous papers. A longer detailed
manuscript, including experimental details, is being
prepared for publication.

The results of an experiment in which the fixed-fre-
quency laser is tuned to exact resonance with the F =
1 to F = 2 transition and the second laser is tuned
through the two-photon resonance are shown in Fig.
(2a). The fluorescence is proportional to the population
in the excited level, r2 2 . In Fig. (2b) the theoretical
prediction, Eq. (9), is shown for comparison with the
experimental results. At the relatively low intensities
used here the hole is quite narrow; in fact, the full width
at half maximum (FWHM) is 9 MHz.

From Eq. (9) we can show that this curve is well ap-
proximated by the difference between two Lorentzians.
The FWHM of the Lorentzian hole, in the low-field
limit a, 3 << Pa, Fb, is
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Fig. 2. (a) Experimentally observed excited-state population
022. The fixed-frequency laser is at exact resonance, ba = 0,
with an intensity of 23 mW/cm 2 . The second laser is detuned
5b from exact resonance, with an intensity of 54 mW/cm 2. (b)
Theoretical prediction of excited-state population 0 2 2 . The
fixed-frequency laser is at exact resonance, ba = 0. The sec-
ond laser is detuned 6b from exact resonance.
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Fig. 3. Off-resonance spectra. The experimentally observed
excited-state population for 6a = 0, -12, -24, -36, and -48
MHz detuning from exact resonance.
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further from resonance to obtain appreciable excita-
tion.

These effects have played a role in a number of pre-
vious experiments. They were directly observed in an
optical pumping experiment by Alzetta et al.3 Often,
however, the effect is not noticed because the band-
width of the laser is too large or the lasers are tuned to
maximize the ionization signal, fluorescence signal, etc.,
without regard to the exact detuning from resonance.
The formalism developed here and in Refs. 1 and 2
refers only to a system with two ground-state levels. It
is easily extended to more-general cases. There are
simply more equations analogous to Eqs. (2a) and (2c)
and somewhat more complex constants of the motion,
but the results are exactly the same.

It is possible to circumvent this difficulty and get
efficient excitation in at least two ways. One can use
lasers with bandwidths larger than their Rabi
frequencies so that the coherence is washed out, or one
can detune the lasers from the two-photon resonance.
It is clear, nonetheless, that this effect can have a large
influence on the efficiency of laser extraction and should
be taken into account in designing such experiments.

We also wish to point out that this technique of co-
herent trapping of populations forces the atom into a

coherent superposition of ground states. This opens
the interesting prospect of looking for ground-state
quantum beats with this coherent superposition of the
ground states.
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